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Abstract--The symmetry properties of molecular orbitals and of reaction coordinates can be used to 
decide on the feasibility of selected chemical reaction mechanisms. Some reaction paths are shown to 
have a large energy barrier and are said to be "forbidden by orbital symmetry." The reactions of 
molecules with no symmetry can also be analyzed by being compared torelated symmetric molecules, 
where the molecular o bitals are topologically identical. 
INTRODUCTION 
Physical science is deeply dependent on symmetry. In the sense of order, pattern and regularity, 
it is clear that it would be hopeless to try to understand nature, unless such order existed. The 
general experience in science has been that early recognition of as much symmetry as possible 
in any problem will lead to the quickest solution to the problem. In many cases an immediate, 
but incomplete, answer can be obtained. Crystal field theory and Huckel molecular orbital theory 
are chemical examples where the greater part of the useful results depend on symmetry arguments 
alone. 
A very powerful mathematical tool has been developed that enables us to exploit symmetry 
in an exact manner. This tool is group theory[l]. For most chemical problems dealing with 
molecules, it is point group theory that is used. The nuclei of the molecule are represented by 
a set of points, which are interchanged by the various symmetry operations. Each molecule 
belongs to one of the point groups, for which symbols such as Ta, Cv, Oh and so on, are used. 
Each point group is defined by the number and kind of symmetry elements that it possesses. 
These elements are planes, axes, centers and improper axes of symmetry. 
Each point group is also characterized by a certain number of symmetry species associated 
with it. The species are represented by symbols uch as A~, E, T2s and so on. Things or functions 
associated with a molecule must be resolvable into these various symmetry species. 
There are two important conclusions that can be drawn by the application of group theory 
to a molecule. One has to do with the wave function ~ which is a solution to the Schrodinger 
equation 
HOi = EiOi, (1) 
where H is the molecular Hamiltonian. A series of wave functions, or eigenfunctions t~i exists 
as solutions to (1). Correspondingly, there are a series of energy values, or eigenvalues Ei. 00 
and E0 are the ground state quantities. 
Now it can be shown that each wave function 01 must belong to one of the symmetry 
species of the group. This applies to the exact solutions of (1), which are usually unknown. 
Fortunately, it also applies to molecular orbital theory, where a molecular orbital (MO) is written 
as a linear combination of atomic orbitals (LCAO). Each MO ~bi satisfies the equation 
hd~i = ei ~bi (2) 
where h is the averaged one electron Hamiltonian. Each d~,. must be a proper symmetry orbital. 
This puts strong restraints on the LCAO's that may be used. 
The second important conclusion that may be drawn from group theory has to do with 
nuclear motions. These motions are usually classified as translation and rotations of the molecule 
as a whole, and vibrations within the molecule. Translation along the three Cartesian coordinates 
and rotations about the two or three axes of rotation each have a symmetry label. The vibrational 
motions are resolvable into a set of normal modes of vibration, each with a definite symmetry. 
The above conclusions are also valid if two or more molecules interacting with each other are 
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considered. A super molecule is formed which still belongs to one of the point groups. Now 
chemical reaction between two molecules requires changes in the initial nuclear positions, 
characteristic of the reactants, to new nuclear positions, characteristic of the products. These 
changes can always be resolved into normal modes of vibration of the super molecule, each 
belonging to a definite symmetry species. 
At the same time the wave function must change. Since ¢F is the electron density function, 
it must change from that of the reactants to that of the products. In MO theory, the valence 
shell orbitals of all of the atoms involved will change from one set of LCAO's to another. The 
same set of AO's will be used as building blocks for both reactants and products. 
Since chemical bonds are broken and new bonds are formed in a reaction, and since MO's 
are bonding, anti-bonding or non-bonding between various atoms, it is convenient to think of 
reaction as occurring by a partial transfer of electrons from certain filled MO's in the reactants 
to certain empty MO's, also in the reactants. This is a mechanism for generating the new 
LCAO's of the products. Fukui pioneered this method of looking at chemical reactions. 
Woodward and Hoffman are chiefly responsible for the realization of the important role 
played by orbital symmetry in chemical changes. They introduced much of the language that 
is used today. However they did not use point group theory as such in their papers. Fukui and 
Hoffman shared the Nobel Prize in Chemistry for 1981 as a result of their separate contributions. 
APPLICATION OF PERTURBATION THEORY 
We will describe two apparently quite different, but still equivalent, methods for developing 
symmetry based rules for chemical reactions (2). First we will apply quantum mechanical 
perturbation theory to a collection of nuclei and electrons in the act of chemical change. Figure 
1 is a plot of the potential energy of this system (electronic energy plus nuclear epulsion energy) 
as a function of the so called "reaction coordinate." This is a collective name given to the set 
of changing nuclear positions which correspond to going from reactants on the left to products 
on the fight. En route one or more potential energy maxima, such as B, may occur. At these 
points the system is said to be an activated complex, existing in a transition state. Local minima 
may also exist such as C, defining reactive intermediates if the minimum is shallow, or stable 
products, if the minimum is deep. 




Reoction coordinate, Qo. 
Fig. 1. Plot of potential energy as a function of the reaction coordinate. Points A, B and C are discussed in the 
text. 
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energy E to the reaction coordinate. First the Hamiltonian is expanded in a Taylor-Maclaurin 
series about he point Q0, corresponding to the original configuration with Hamiltonian Ho: 
r /=H0+ e + : o (3) 
Here Q represents he reaction coordinate and also the magnitude of the small displacement 
from Qo. For convenience, we consider only one normal mode at a time. 
Since the Hamiltonian must be invariant o all the symmetry operations of the pseudo- 
molecule, it follows that Q and (SU/SQ) have the same symmetry. Their direct product is 
totally symmetric. Since Q2 is symmetric, it follows next that (~2U/~Q2) is also symmetric. U
is the nuclear-electronic and nuclear-nuclear potential energy. The kinetic energy of the elec- 
trons and electron-electron potential energy are not functions of the nuclear coordinates, to the 
first order. 
The last two terms in (3) represent the perturbation. Using standard second-order pertur- 
bation theory, we now solve for the new wave functions and energies. For the ground electronic 
state, the energy becomes 
[/ool  I 
Eo-Ek (4) 
where E0 is the energy at Q0, the next two terms are the first-order perturbation energy, and 
the last term is the second-order perturbation energy. While (4) is valid only for Q very small, 
we can select Q0 anywhere on Fig. 1. Hence (4) is general for the purpose of displaying 
symmetry properties. 
The symbol ( . . . )  represents integration over the electron coordinates, covering all space. 
We can now use a group theory rule to decide whether the integrals in (4) are exactly zero or 
not. The rule is that the direct product of three functions must contain the totally symmetric 
species, or the integral over all space is zero. 
Let us consider the term in (4) which is linear in Q. At any maximum or minimum in the 
potential energy curve, ~E/~Q = 0 and therefore the integral must be identically zero, inde- 
pendent of symmetry. At all other points this term must be the dominant one, since Q is small. 
If ~o belongs to a degenerate symmetry species (E or T), the term usually leads to the first- 
order Jahn-Teller effect[3] which removes the degeneracy. Since this is not important in the 
present context, we will assume that ~0 is nondegenerate. 
Since the direct product of a nondegenerate species with itself is always totally symmetric, 
we derive our first symmetry rule: all reaction coordinates belong to the totally symmetric 
representation. That is (~U/~Q) and also Q, must be totally symmetric, otherwise its product 
with ~2 will not be symmetric and the integral will be zero. However, it must be nonzero for 
all of the rising and falling parts of Fig. 1. This means that once a reaction embarks on a 
particular eaction path it must stay within the same point group until it reaches an energy 
maximum or minimum. A totally symmetric set of nuclear motions can change bond angles 
and distances, but it cannot change the point group. 
We now consider point A in Fig. 1. The integral (O01~QI0o) has a positive value since the 
reaction has a positive activation energy. Instead of trying to evaluate the integral we accept 
that its value is the slope of Fig. 1 at the point A. The terms in Q2 in (4) now become important. 
Their sum determines the curvature of the potential energy plot. For a reaction with a small 
activation energy, the curvature should be as small as possible (or negative). 
The integral (tllo[~)2U/~Q21~jo) has a nonzero value by symmetry since (~)2U/~Q2) is totally 
symmetric. Furthermore, it will be positive for all molecules. It represents he force constant 
which resists the move of any set of nuclei away from an original configuration for which 0~ 
is the electron density distribution. The last term in (4) represents he change in energy that 
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results from changing the electron distribution to one more suited to the new nuclear positions 
determined by Q. Its value is always negative since E0 - Ek is a negative number. 
This can be seen more easily if the equation for the wave function is written down from 
perturbation theory: 
4=4o+~ Eo-E,  *o. (5) 
k 
The summations in (4) and (5) are over all excited states. Each excited-state wave function is 
mixed into the ground-state wave function by an amount shown in (5). The wave function is 
changed only because the resulting electron distribution 42 is better suited to the new nuclear 
positions. 
Now we can use group theory to show that only the excited-state wave functions 4k that 
have the same symmetry as % can mix in and lower the potential energy barrier. This follows 
because we already have shown that (~U/SQ) must be totally symmetric. Hence the direct 
product of 4o and 4k must be totally symmetric, but this requires that they have the same 
symmetry. We can conclude that, for a chemical reaction to occur with a reasonable activation 
energy, there must be low-lying excited states for the reacting system of the same symmetry 
as the ground state. Such a reaction is said to be symmetry allowed. A symmetry-forbidden 
reaction is simply one which has a very high activation energy because of the absence of suitable 
excited states. 
Equations (4) and (5) are exact, as are the symmetry rules derived from them. For practical 
applications, ome rather drastic assumptions must now be made. One is that LCAO-MO theory 
will be used in place of the exact wave functions % and 4k- Since we are interested only in 
the symmetry properties, this creates no serious error, since MO theory has the great virtue of 
accurately showing the symmetries of the various electronic states. 
The second assumption is more serious, since we will replace the infinite sum of excited 
states in (1) and (2) by only a few lowest lying states. This procedure will work because we 
are not trying to evaluate the sum but only to decide if it has a substantial value. It can be 
shown that the various states contributing to (6) and (4) fall off very rapidly as the difference, 
leo - Ek[, becomes large. This is because the integral (&olSU/SQId)k) decreases very rapidly 
for two wave functions of quite different energy. 
We use MO theory to represent the ground and excited states that are needed. The symmetry 
of 404k is replaced by ~bi~b I, where &i is the occupied MO in the ground state and ~b I is the MO 
occupied in its place in the excited state. Positions of special importance are occupied by the 
highest occupied and lowest unoccupied molecular orbitals, since excitation of an electron from 
HOMO to LUMO defines the lowest excited state. 
It is helpful to point out that the requirement that two orbitals, ~bi and ~b I, have the same 
symmetry is the same as saying that they must have a net positive overlap. Two molecular, or 
atomic, orbitals of different symmetry species have exactly zero overlap. 
We now go to a consideration of points B and C in Fig. 1. B refers to an activated complex 
and C to a single molecular species, which is unstable with respect o isomerization, or break- 
down to other products. In either case, the theory is changed somewhat from that of the 
bimolecular reactions discussed earlier. 
The term linear in Q in (3) now vanishes, since we are at an extremum in the potential 
energy plot. As before, the first quadratic term is positive, and the second one is negative. 
Clearly at a maximum, point B, the second term is larger than the first. At a minimum, point 
C, the first term dominates, but the magnitude of the second term determines whether we lie 
in a deep potential well or a shallow one. 
Again the existence of low-lying states % of the correct symmetry to match with 40 is 
critical. Now there is no restriction on the reaction coordinate which forces it to be totally 
symmetric. However, 40, (SU/SQ) and 4k are still bound by the symmetry requirement that 
their direct product must contain the totally symmetric representation. 
If we consider ather symmetrical molecules to begin with, it will usually be found that 
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the reaction coordinate, and (~U/~Q), are nonsymmetric. The reason for this is that maximum 
and minimum potential energies are usually found for nuclear arrangements with a high degree 
of symmetry. Any disturbance ofthe nuclear positions will now reduce the symmetry. However, 
this corresponds toa change in the point group, which can only come about by a nonsymmetric 
vibrational mode. 
Conversely, it may be pointed out that a number of point groups depend upon a unique 
value of Q0 in Fig. 1. For example, atetrahedral molecule has uniquely determined bond angles. 
All such cases must correspond to either maxima or minima in Fig. 1 if the reaction coordinate 
is taken either as the bond angles or relative bond distances. 
In molecular orbital theory the product ~00k is again replaced by d~itby, where both the 
occupied and empty MO's must be in the same molecule. Electron transfer from d~,. to d~i results 
in a shift in charge density in the molecule. Electron density increases in the regions where ~b~ 
and d~/have the same sign (positive overlap) and decreases where they have opposite signs 
(negative overlap). The positively charged nuclei then move in the direction of increased electron 
density. The motion of the nuclei defines a reaction coordinate. The symmetry of Q is the same 
as that of the product ~b~ x tbs. We may write this as 
Fdai X ~-tP/C FQ (6) 
where t" means symmetry species. 
The size of the energy gap between ~bi and d~ I is critical. A small gap means an unstable 
structure, unless no vibrational mode of the right symmetry exists for the molecule capable of 
changing its structure. A large energy gap between the HOMO and the LUMO means a stable 
molecular structure. Reactions can occur, but only with a high activation energy. 
For an activated complex (point B) there must necessarily be at least one excited state of 
low energy. The symmetry of this state and the ground state then determines the mode of 
decomposition of the activated complex. This was the subject of the first application of (4) to 
chemical reactions by Bader[4]. 
When a molecule lies in a shallow potential well (point C), the activation energy for 
unimolecular change is small. In this case we can again expect a low-lying excited state. The 
symmetry of this state and the ground state will determine the preferred reaction of the unstable 
molecule. For a series of similar molecules, we expect a correlation between the position of 
the absorption bands in the visible-uv spectrum and the stability. 
As an example, consider the similar molecules ozone and sulfur dioxide. The former is 
blue in color and is highly unstable. Sulfur dioxide is colorless and is also much more stable 
toward dissociation i to SO and O. We correlate the instability of 03 with the fact that it absorbs 
light of lower energy than SO2 does because of lower lying excited states. 
THE ORBITAL CORRELATION METHOD 
Before giving forth examples of the perturbation method, it is convenient togive the details 
of our second method, that of orbital correlation. The phrase "conservation of orbital sym- 
metry," is often used, following Woodward and Hoffmann[5]. The method grew out of earlier 
work on state correlation. Wigner and Witmer developed rules for predicting the possible states 
of a diatomic molecule formed by combining two atoms. 
Attempts to extend these rules to the states of reacting molecules and their product states 
did not prove very useful. State correlation did not provide enough information. A more useful 
method was initiated as early as 1927 by Hund, and later by Mulliken. This was a correlation 
of the MO's of a diatomic molecule with the AO's of the separated atoms on the one hand, 
and with the AO's of the so-called united atom on the other. 
First the AO's of the separated atoms were combined to form MO's of the diatomic 
molecule. This is simply done by taking sums and differences of equivalent, or identical, orbitals; 
lsa -+ lsB, etc. These MO's each have a symmetry label in the D~h (like nuclei) or C~h (unlike 
nuclei) point groups. The MO's were then correlated with the AO's of the united atoms (coalesced 
nuclei) to determine if their energies increased or decreased as the nuclei approached each other. 
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The correlation depended on reduction in symmetry tables, so that a Px atomic orbital of the 
united atom could be clarified in the D®h point group of the molecule. 
There are three correlation rules: 
1. The symmetry of each MO remains unchanged as it becomes an AO of the united atom. 
2. MO's of the same symmetry cannot cross. 
3. No orbitals are gained or lost. 
Surprisingly, there was no attempt to use the orbital correlation method for the reactions 
of polyatomic molecules until 196515]. The procedure is straight-forward. A reaction coordinate 
is selected which preserves one or more elements of symmetry as the nuclei rearrange from 
reactants o products. This generates a point group in which these MO's of the reactants, products 
and all intermediate steps may be classified (if there are identical MO's in two molecules, their 
sum and difference must be taken). 
The same three correlation rules are used to connect he MO's of the reactants with those 
of the products. Energies are estimated by knowing whether a given MO is bonding, non- 
bonding or anti-bonding. The new information that is gained is an estimate of the energy of 
the transition state. If this energy is higher than that of the reactants, as in Fig. 1, there will 
be an appreciable activation energy. The reaction will be slow because of this. 
The reaction is said to be "forbidden by orbital symmetry." This is too strong a statement 
since all that is predicted is an appreciable barrier. The reaction may still occur at a reasonable 
rate for many purposes. A reaction "allowed by orbital symmetry" is one where no barrier is 
predicted. It may be slow for other reasons. Nevertheless, analysis of possible reaction mech- 
anisms by orbital correlation has proved to be very useful[2]. 
We will give an example by considering the exchange reaction between two hydrogen 
molecules occurring by a broad-side collision: 
H2 + D2 = 2HD. (7) 
Deuterium would be used to show that a reaction actually took place. For simplicity we will 
consider two H2 molecules. 
H-- --H H--H 
H H I l 
H H l [ 
H--  - -H H- -H.  
(8) 
In such a mechanism three planes of symmetry are preserved, three twofold axes, and an 
inversion center. These elements define the D2h point group. If the transition state is assumed 
to be a symmetric square, the point group is D4h, but only at one point on the potential energy 
surface. 
The starting MO's are the filled % orbitals of the hydrogen molecules, and the empty cr u 
orbitals. In Dz~, we must take symmetry adapted linear combinations of these. These SALC's 
are simply the sums and differences of the MO's. Figure 2 at the bottom, shows how the sums, 
cr~(l) _ crcg~(2), generate species of ag and b2, symmetry in the D2h point group. The combi- 
nations, ~u(1) --- ,xu(2), generates species of b3~ and b~ symmetry. 
Figure 2 shows how the energies of these four MO's change as we go from reactants to 
products. No calculations need be made. All we need to know is that at the start of the reaction, 
the electrons must be in the orbitals ag and b3u, since we now bond together the two top H 
atoms and the two bottom H atoms of (8). For the products, then, a~ and b3u are the low energy 
orbitals. This defines the orbital diagram. There is a crossing of the b2, and b3, orbitals. This 
crossing of an originally filled and an originally empty MO makes the reaction forbidden by 
orbital symmetry. 
The meaning of this phrase, of course, is that the transition state is of high energy. The 
two electrons in the b2, orbital must rise in energy as the nuclei move along the reaction 
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Fig. 2. (a) Molecular orbital correlation diagram for reaction H2 + H., ~ H2 + H2 with square H4 as the 
activated complex. (b) Linear combinations of four Is orbitals and their species in Du and D4h point groups. 
The plane of the molecule is the x-y plane. 
of the higher D4h symmetry assumed at this point. Symmetry produces degeneracies. After the 
TS, the electrons appear in the more stable b3u orbital. This occurs because of the process known 
as configuration i teraction. This mixes together the (b2,) 2 and (b3u) 2 configurations even before 
the TS is reached. 
We can use the same example to illustrate the perturbation theory method. The filled MO's 
are of ag and b~ species in the D~ point, as mentioned. The only low energy empty MO's are 
of b~s and b3u species. Therefore there are no low-lying excited states of the same symmetry as 
the ground state, and the energy barrier must be large. 
ORBITAL TOPOLOGY 
Experimentally, the isotope exchange reaction (8) does not occur by the mechanism dis- 
cussed. Instead a free atom chain mechanism is followed. Instead of the symmetric example 
that we chose, any four-center reaction mechanism could be selected. For example. 
H-- - -F H--F 
I-1 F I I 
I I , 
i c1 I I 
I - -  --C1 I--CI. 
(9) 
The same results of a high energy transition state may be anticipated. However, we do not have 
the convenient symmetry labels to use as a guide. 
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The symmetry of a wavefunction essentially is the way in which the mathematical sign of 
the wavefunction changes from plus to minus in different parts of the molecule. Thus, the nodal 
properties of the orbital are defined. A nodal surface raises the electronic energy by increasing 
the kinetic energy. If the node exists in a region where the orbital has a small value in any 
case, the effect is minimal. An example would be an anti-bonding MO for two atoms very far 
apart. However as the two atoms approach each other, the effect of the node becomes very 
large. Any two polyelectronic molecules, if formed close together, will have a large positive 
electronic energy because of this effect. This may be called repulsion due to the Pauli exclusion 
principle. 
In a chemical reaction, where atoms change their relative positions, some orbitals go up 
in energy and some go down. This depends on whether the orbitals have, or do not have, a 
node between the atoms which approach each other. As the nuclei move about, the nodal 
surfaces will be deformed and distorted. However, their number and kind will not change. Also 
for symmetry elements that are conserved, the symmetry species defined by these nodes will 
be maintained. Hence we have "conservation of orbital symmetry." 
In a molecule which has no symmetry, we can still see that the molecular orbitals will 
have nodes between certain atoms. In fact for a molecule like CO, which is less symmetric 
than N2, the MO's can be obtained from those for N2 by a process of deformation. The orbitals 
of CO are topologically identical to those of N2. Two things are topologically identical if they 
can be interconverted bycontinuous twisting, stretching, and other deformation. Cutting, tearing, 
and piercing are not permitted. In a chemical reaction, the wavefunctions will maintain their 
topological identity (6). This is the more generalized statement of the conservation of orbital 
symmetry. 
An energy barrier due to orbital symmetry results from a situation where electrons are 
trapped in an orbital which is going up in energy very rapidly because of the close approach 
of atoms separated by a nodal surface. They are trapped because no orbital of lower energy 
exists into which they can escape. Empty orbitals of higher energy exist and these may be 
useful because they can be mixed with the original orbital to produce a new orbital where the 
effect of the nodal surface is alleviated. However, only empty orbitals of the same symmetry 
can mix with the original orbital. 
All of these effects would exist in reactions where there is no symmetry. We would not 
have symmetry labels to use as handy tags. Fortunately we can use other criteria. For example, 
a net positive overlap of two orbitals is all that is needed to allow them to mix. A convenient 
procedure is to use some related, hut more symmetric, set of reactants as a model. This is what 
is done in predicting that (9) will be a slow reaction. 
It is sometimes thought that the energy baiTiers deduced from symmetry can be circumvented 
by a reaction mechanism devoid of symmetry elements. For example, in reaction (8), if one 
H E molecule is canted a little to left or right and then twisted a little out of the plane, all elements 
of symmetry are lost. The point group becomes Ca, and all MO's have the same A symmetry, 
and can mix. However all we have succeeded in doing is destroying the predictive powers of 
symmetry. As far as energy is concerned, there will be little change caused by small displace- 
ments of the hydrogen atoms. In fact the energy may be increased, since the symmetric reaction 
path is the one that leads most smoothly from reactants to products. 
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